Background {#sec1}
==========

The number of published genome assemblies has increased exponentially since the publication of the human genome in 2001 \[[@bib1]\]. Back then, large international consortia and vast amounts of funding were required to complete this task. Today even small research groups can generate high-quality genome assemblies up to full chromosome level. An important step in this progression was the advent of "third-generation" sequencing with the release of Pacific Biosciences' and Oxford Nanopore Technologies' sequencing platforms. These technologies perform real-time sequencing of long, single DNA molecules and require no amplification to increase the sequencing detection signal strength \[[@bib2]\]. The inclusion of these technologies has drastically improved the quality of generated genome assemblies and substantially decreased costs, thus enabling even small research groups to realise high-quality genome assemblies. The ongoing "genomic revolution" has increased the need for practical university courses on genome assembly and genomics in general.

One of these third-generation sequencing platforms is Oxford Nanopore Technologies\' MinION. It is a USB drive--sized sequencer that has gained in popularity over the past 5 years owing to its potential to generate very long reads, its relatively low cost, and its portability \[[@bib3], [@bib4]\]. Sequencing is performed by measuring ionic current changes when a single-stranded DNA molecule passes through a "nanopore" in the device\'s biological membrane \[[@bib5]\]. Its portability, ease of use, and relatively low cost make it an ideal and effective teaching tool in classroom settings \[[@bib6], [@bib7]\], as well as in the field \[[@bib8]\]. Studies on the educational use of the MinION device have mainly focused on methods such as DNA- or metabarcoding, or genome sequencing of bacteria or bacteriophages. These approaches have the advantage that they are easy to conduct, do not require large servers for the data processing, and are relatively inexpensive. However, today, the combination of (i) nanopore-based sequencing along with (ii) new efficient bioinformatic assembly pipelines and (iii) (publicly available) short-read data offer the possibility of generating chromosome-level assemblies, even of complex vertebrate genomes, as part of university courses.

Here we report our experience and provide practical aspects of teaching hands-on vertebrate genome assembly courses at the master\'s level.

Practical Courses in the Genomics Era {#sec2}
=====================================

Over the past 2 years, we have taught 2 master\'s level courses, each 6 weeks long, focusing on the assembly and analysis of vertebrate genomes, and the required theoretical and biological background. In these courses, students gained practical experience in extracting high molecular weight DNA (hmwDNA) and preparing sequencing libraries and subsequently sequenced the genomic DNA on the MinION device in the first part of the course (see Table [1](#tbl1){ref-type="table"} and [Supplementary Material 1](#sup5){ref-type="supplementary-material"}). These data, in combination with either publicly available or previously generated short-read data, were then used to generate highly continuous vertebrate genome assemblies in the second part of the course (see Table [1](#tbl1){ref-type="table"} and [Supplementary Material 1](#sup5){ref-type="supplementary-material"}). The inclusion of dedicated sessions on the basics of laboratory work and bioinformatics enables the active participation of students from a variety of disciplines (such as biology or bioinformatics) even without prior knowledge in these fields. We recommend keeping the number of students \<15 to enable direct interactions. This is important especially for students who have no or little bioinformatics or laboratory experience and might otherwise struggle to keep up with the course.

###### 

Example of a course outline

  ------------------------------------------------------------------- ---------------------------------------------------------------------------------------------------------------------------------------
  **Part 1---Laboratory Processing and Basic Trainin[g]{.ul}**        
  Week 1                                                              Theory: Introduction to genome sequencing techniques and analyses
                                                                      Hands-on: Laboratory work (laboratory safety guidelines, DNA isolation, quality assessment, nanopore library preparation, sequencing)
                                                                      Background lecture series: Molecular evolution
  Week 2                                                              Hands-on: Introduction to the Bash command line environment
                                                                      Hands-on: Introduction to base-calling and quality assessment of sequencing data
                                                                      Background lecture series: Molecular evolution
  **Part 2---Genome Assembly, Annotation, and Downstream Analyses**   
  Week 3                                                              Hands-on: Genome assembly (long-read assembly) and polishing (long-read/short-read)
                                                                      Hands-on: Transcriptome assembly
                                                                      Background lecture series: Molecular evolution
  Week 4                                                              Hands-on: Assembly quality assessment (assembly statistics, BUSCO)
                                                                      Hands-on: Scaffolding to chromosome level using Hi-C data
                                                                      Hands-on: Genome annotation (repetitive elements, genes)
                                                                      Background lecture series: Molecular evolution
                                                                      Seminar: Current research examples in vertebrate genomics
  Week 5                                                              Hands-on: Introduction to comparative analyses, e.g., methods of phylogenetic tree reconstruction or population genomics
                                                                      Background lecture series: Molecular evolution
  Week 6                                                              Theory: Introduction to scientific writing
                                                                      Theory: Overview of the scientific publishing process (from manuscript writing to publication)
                                                                      Hands-on: Manuscript writing
                                                                      General quality assessment session
  ------------------------------------------------------------------- ---------------------------------------------------------------------------------------------------------------------------------------

Detailed information can be found in [Supplementary Material 1](#sup5){ref-type="supplementary-material"}.

The selection of a species for a MinION-based genome assembly course should be based on a few characteristics: (i) the availability of relatively fresh material for the extraction of hmwDNA; (ii) prior testing of its ability to be sequenced on a MinION because some taxa cannot effectively be sequenced on a MinION, probably owing to the presence of biological molecules in the DNA extraction that interfere with the sequencing process; (iii) genome size because this dictates how much data and computational resources are needed for a successful assembly; (iv) the interest of the community in the species; and (v) availability of short-read data for polishing or chromosome-level scaffolding.

In these courses, we have focused on teleost fish genomes for which we have established hmwDNA extraction and MinION sequencing protocols \[[@bib9]\]. Among vertebrates, many teleost fish species have relatively small genomes (∼400--700 Mb), and low coverage (20--30×) of long-read data is usually sufficient to generate high-quality genome assemblies for these. We highly recommend using available databases such as the Animal Genome Size Database \[[http://genomesize.com/](http://www.genomesize.com)\] to look up genome size estimations for a target species during course planning. Alternatively, short-read data or flow cytometry can be used to estimate genome sizes. There are a variety of genome assemblies available online (databases: NCBI Genome \[[www.ncbi.nlm.nih.gov/genome](http://www.ncbi.nlm.nih.gov/genome)\], DNA Zoo \[[www.dnazoo.org](https://www.dnazoo.org/)\], GigaDB \[[www.gigadb.org](http://www.gigadb.org)\], etc.) that are based on short-read libraries. These would benefit from more continuous assemblies with long-read data to allow for more in-depth analyses such as on genome architecture evolution or speciation. Because NCBI and other genome databases require all the accompanying raw read data to be deposited on their SRA database (<https://www.ncbi.nlm.nih.gov/sra>), these reads could also be used for genome polishing during the course. Even though individual read error rates (5--25%, reviewed in \[[@bib2], [@bib3]\]) for the MinION have decreased over recent years, it is still recommended to polish the resulting genome assemblies using highly accurate (0.1--1% error rate, reviewed in \[[@bib2]\]) short-read data. To produce chromosome-level genome assemblies, so-called proximity-ligation sequencing data are needed. Several companies offer kits to generate these. However, the library construction is complicated and usually requires 2 full days, so we do not recommend generating these during the course. Alternatively, public data platforms such as DNA Zoo offer useful resources for proximity-ligation data. Furthermore, these databases include numerous species for which high-quality, continuous assemblies are unavailable.

The development of time- and resource-effective genome assembly tools, such as wtdbg2 \[[@bib15]\], allows students to generate genome assemblies of vertebrate genomes within hours, even on small servers. Depending on the genome size and amount of read data, it might even be possible to assemble the genomes on a desktop computer or laptop. It is advantageous to teach the students first how to run these tools on a subset of the data and then to have them process the complete data in smaller groups. This way, relatively time-intensive steps can be processed overnight, and the results checked and discussed with the students the following day. Subsequently, they can be introduced to post-assembly steps such as repeat or gene annotation.

The generation and assembly of genomic data as part of university courses also makes it possible to involve students in the publishing process of peer-reviewed scientific publications. To achieve this, we allocated time to include scientific writing and publishing in the curriculum. The students were given the task to draft a genome announcement paper under the supervision of the course trainers, which was then submitted to bioRxiv (<https://www.biorxiv.org/>) (see, e.g., \[[@bib9]\]) and a peer-reviewed scientific journal. This way, students are involved in every step of the process, from generating the genomic data to assembly and annotation and to publishing the scientific article. They will not only learn how to write and publish scientific manuscripts but are also involved in publishing scientific peer-reviewed articles very early in their scientific careers. This keeps the motivation high because they have the opportunity to work on new data and obtain meaningful results compared to the analysis of simplified teaching datasets, often used as classroom examples. Collaborations with different research groups can help to find scientifically interesting species to sequence, which will ensure that publication of the genome assembly and annotation is of general interest for the research community.

Conclusions {#sec3}
===========

Here we show that recent advances in portable sequencing technology, ever-decreasing sequencing costs, the development of computationally efficient tools, and the increasing availability of publicly accessible read data can be used for practical teaching of genome assembly and genomics within the frame of university master courses. Selection of species with smaller genomes or more reliance on available data may also enable universities in low-income areas and countries to organize genome assembly courses. Practical training that focuses on newly sequenced or improved genome assemblies will further enable students to gain experience publishing scientific studies early on in their careers.
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Supplementary Material 1: Course structure and teaching goals
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Abbreviations {#h1content1590586598023}
=============

BUSCO: Benchmarking Universal Single-Copy Orthologs; hmwDNA: high molecular weight DNA; Mb: megabase pairs; NCBI: National Center for Biotechnology Information; SRA: Sequence Read Archive; USB: Universal Serial Bus.
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